The inhibition of hippocampal pyramidal cells occurs via inhibitory interneurons making GABAergic synapses on distinct segments of the postsynaptic membrane. In area CA1 of the hippocampus, the activation of mu-and delta-opioid receptors inhibits these interneurons, thereby increasing the excitability of the pyramidal cells. Through the use of selective opioid agonists and biocytin-filled whole-cell electrodes, interneurons possessing somata located within stratum oriens of hippocampal slices were classified according to the location of their primary axon termination and the expression of mu-or deltaopioid receptors. Activation of these opioid receptor subtypes resulted in outward currents in the majority of interneurons, which is consistent with their inhibition. Post hoc morphological analysis revealed that those interneurons heavily innervating the pyramidal cell body layer were much more likely to express mu-opioid receptors, whereas cells with axons ramifying in the pyramidal neuron dendritic layers were more likely to express delta-opioid receptors, as defined by the generation of outward currents. This morphological segregation of interneuron projections suggests that mu receptor activation would diminish GABA release onto pyramidal neuron somata, thereby increasing their excitability and output. Conversely, inhibition of interneurons via delta receptor activation would amplify afferent signaling to pyramidal neuron dendrites by reducing GABAergic inhibition of these structures.
The inhibition of hippocampal pyramidal cells occurs via inhibitory interneurons making GABAergic synapses on distinct segments of the postsynaptic membrane. In area CA1 of the hippocampus, the activation of mu-and delta-opioid receptors inhibits these interneurons, thereby increasing the excitability of the pyramidal cells. Through the use of selective opioid agonists and biocytin-filled whole-cell electrodes, interneurons possessing somata located within stratum oriens of hippocampal slices were classified according to the location of their primary axon termination and the expression of mu-or deltaopioid receptors. Activation of these opioid receptor subtypes resulted in outward currents in the majority of interneurons, which is consistent with their inhibition. Post hoc morphological analysis revealed that those interneurons heavily innervating the pyramidal cell body layer were much more likely to express mu-opioid receptors, whereas cells with axons ramifying in the pyramidal neuron dendritic layers were more likely to express delta-opioid receptors, as defined by the generation of outward currents. This morphological segregation of interneuron projections suggests that mu receptor activation would diminish GABA release onto pyramidal neuron somata, thereby increasing their excitability and output. Conversely, inhibition of interneurons via delta receptor activation would amplify afferent signaling to pyramidal neuron dendrites by reducing GABAergic inhibition of these structures.
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The interaction among principal cells and GABAergic inhibitory interneurons is one means through which computational processes occur in mammalian cortical areas. In the hippocampus, the diverse group of cells classified as inhibitory interneurons constitutes between 10 and 20% of the total neuronal population. The heterogeneity within this group of neurons is attributed to the differential expression of calcium-binding proteins, peptide cotransmitters, and ion channels (Z hang and McBain, 1995; Chikwendu and McBain, 1996; Maccaferri and McBain, 1996; Svoboda and L upica, 1998 ) (for review, see Freund and Buzsáki, 1996) . In addition, a high degree of anatomical variability exists in the extent and location of the inhibitory axon termination on the principal (pyramidal) neuron membrane. Thus, inhibitory cells providing perisomatic inhibition form synapses on pyramidal neuron somata (basket cells) and axon initial segments (axoaxonic cells), whereas others display circumscribed innervation of pyramidal neuron dendrites (Buhl et al., 1994a; Cobb et al., 1995 Cobb et al., , 1997 Miles et al., 1996) . Because of this axonal segregation, these classes of interneurons exert distinct f unctional effects on pyramidal neurons in the hippocampus. For example, perisomatic inhibition has been shown to globally limit pyramidal neuron excitability by blocking Na ϩ -dependent action potentials (Miles et al., 1996) . Also, somatic inhibition can remove the inactivation of voltage-dependent inward currents, thus permitting the synchronization of groups of pyramidal neurons and the generation of ␥ oscillations Whittington et al., 1995) . In contrast, GABAergic IPSPs impinging on pyramidal neuron dendrites can shunt EPSPs, diminish dendritically generated Ca 2ϩ action potentials (Masukawa and Prince, 1984; Miles et al., 1996; Tsubokawa and Ross, 1996) , and remove the inactivation of dendritic K ϩ conductances (Hoffman et al., 1997) . These physiological data, together with the differing anatomical profiles of the interneurons strongly suggest that perisomatic and dendritic inhibition serve distinct functional roles in the hippocampus.
In addition to the sources of heterogeneity described above, there is good evidence that different groups of interneurons are selectively innervated by distinct neurotransmitter-containing afferents (Freund and Antal, 1988; Freund et al., 1990; Fuzesi et al., 1997) . Furthermore, different interneurons express distinct sets of neurotransmitter receptors (McBain and Dingledine, 1993; McBain et al., 1994; Bergles et al., 1996; McMahon and Kauer, 1997; Miller et al., 1997; Morales and Bloom, 1997; Frazier et al., 1998; Svoboda and Lupica, 1998) , suggesting further segregation of function. Among the receptors expressed on inhibitory interneurons in the CA1 region of the hippocampus are -and ␦-opioid receptors (Mansour et al., 1995; Commons and Milner, 1997) . Physiological studies have shown that activation of these receptors can lead to the inhibition of interneuron activity (Madison and Nicoll, 1988; Wimpey and Chavkin, 1991; Svoboda and Lupica, 1998) , resulting in diminished GABA release and the disinhibition of pyramidal neurons (Zieglgansberger et al., 1979; Lee et al., 1980; Nicoll et al., 1980; Siggins and Zieglgansberger, 1981; Cohen et al., 1992; Lupica et al., 1992; Lupica, 1995) . It was also demonstrated that -opioid receptor activation resulted in a more profound increase in pyramidal neuron excitability, the generation of epileptiform activity, and the disruption of ␥ oscil-lations when compared with ␦ receptor activation (Wimpey et al., 1989; L upica and Dunwiddie, 1991; L upica, 1995; Whittington et al., 1998) . These data suggested that -and ␦-opioid receptors may be expressed on different subsets of interneurons providing inputs to distinct regions of the pyramidal neuron membrane. To test this hypothesis, we have examined the morphological differences between interneurons expressing either -or ␦-opioid receptors in the CA1 region of the hippocampus, using biocytin as a cellular marker. Opioid receptor subtype expression was determined through the application of highly selective -or ␦-opioid receptor agonists and the measurement of membrane currents in voltage-clamped neurons. We then attempted to classif y interneurons based on opioid receptor subtype expression, as defined by the generation of these outward currents, and the axonal and dendritic profiles. We observed that interneurons innervating the pyramidal neuron perisomatic region were more likely to express -, rather than ␦-opioid receptors. In contrast, interneurons projecting to pyramidal neuron dendritic regions more frequently expressed ␦, rather than -opioid receptors.
MATERIALS AND METHODS
Electrophysiolog y. Hippocampal slices were prepared and maintained as previously described (Miller et al., 1997) . Briefly, 14 -30-d-old male Sprague Dawley rats (Sasco, Omaha, N E) were killed by rapid decapitation. Their brains were removed and placed in ice-cold, oxygenated artificial C SF (aC SF; see below). Brain slices containing the hippocampus were cut transverse to the anteroposterior axis at 300 m nominal thickness using a vibrating tissue slicer (Technical Products International, St. L ouis, MO). The slices were then stored suspended on netting in a beaker containing aC SF, aerated continuously with 95% O 2 and 5% CO 2 at room temperature. Control aC SF consisted of (in mM): NaC l, 126; KC l, 3.0; MgC l 2 , 1.5; C aC l 2 , 2.4; NaH 2 PO 4 , 1.2; glucose, 11.0; and NaHC O 3 , 26, and was saturated with 95% O 2 and 5% C O 2 . Interneurons were visualized in stratum oriens of area CA1 using a fixed stage upright microscope equipped with differential interference contrast optics and infrared illumination, as previously described in detail (Dodt and Z ieglgansberger, 1990; Miller et al., 1997) . Whole-cell recordings were obtained at room temperature (20 -23°C) using an Axopatch-200A amplifier (Axon Instruments, Burlingame, CA), and electrodes pulled from thick-walled borosilicate capillary tubing (inner diameter, 0.75 mm; outer diameter, 1.5 mm; Sutter Instrument Company, Novato, CA). The electrodes had resistances of 4 -7 M⍀, when filled with (in mM): K ϩ -gluconate, 125.0; KC l, 10.0; H EPES, 10.0; EGTA, 1.0; C aC l 2 , 0.1; Mg 2ϩ -ATP, 2.0; and Na ϩ -GTP, 0.2 (adjusted to pH 7.2-7.4 with 1 M KOH, and brought to 270 -280 mOsm with deionized water). All interneurons were voltage-clamped at Ϫ66 mV, unless otherwise stated, after correcting for a liquid junction potential. Series resistance was Ͻ15 M⍀ and was monitored throughout the experiments using the capacitative currents generated by small (Ϫ5 to Ϫ10 mV; 250 msec) voltage steps. Cells were rejected from analysis if the series resistance changed by Ն10 -15%. Voltage-clamp protocols were delivered using a pulse generator (AMPI Master 8; Jerusalem, Israel), and signals were acquired using a personal computer-based data acquisition system (Strathclyde Electrophysiology Software; courtesy of John Dempster, Strathclyde University, UK).
Drug application. The selective ␦-opioid receptor agonist DPDPE (D-Pen 2 , Pen 5 -enkephalin) and the selective -opioid receptor agonist DAMGO (T yr-D-Ala 2 ,N-CH 3 -Phe 4 ,Gly-ol-enkephalin) were obtained from the National Institute on Drug Abuse Drug Supply System (Rockville, MD). Both drugs were made at 100 times their final concentration in deionized, purified water and added to the aC SF bathing the slice (flow rate, 2 ml /min) using calibrated syringe pumps (Razel Scientific Instruments, Stamford, C T). Unless otherwise stated, both the and the ␦ agonists were applied at a concentration of 1 M. This concentration has been shown in previous studies to provide maximal occupation of, and selectivity at, the respective receptor subtype (Mosberg et al., 1983; Goldstein and Naidu, 1989; L upica, 1995) .
Histolog y. Biocytin (0.25%; Sigma, St. L ouis, MO) was added to the internal solution in the recording pipette for post hoc evaluation of neuronal morphology. At the end of the recording session, the pipette was slowly withdrawn, and the slice was transferred to chilled (4°C) 4% paraformaldehyde in PBS solution. Slices were stored in the chilled fixative for 3-7 d and were not resectioned before biocytin development procedures (C eranik et al., 1997) . After fixation, they were rinsed in PBS (3 ϫ 5 min), quenched (0.3% H 2 O 2 / PBS for 30 min), rinsed again in PBS (3 ϫ 5 min), and then exposed to avidin -biotin horseradish peroxidase complex containing 0.3% Triton X-100 (ABC kit; Vector Laboratories, Burlingame, CA) for 4 d. On the fourth day, they were rinsed again in PBS and then incubated in 0.04% diaminobenzidine (DAB) and 0.0025% H 2 O 2 for 20 -30 min. The DAB reaction was stopped by rinsing again in PBS. The slices were then dehydrated in incrementing concentrations of ethanol (70, 95, 100, and 100%). After dehydration, they were cleared in Hemo-D (3 ϫ 5 min) and then mounted on slides. C ells were reconstructed using a 40ϫ objective with the aid of a camera lucida drawing tube attached to an Olympus microscope.
RESULTS

Morphology of stratum oriens interneurons
Whole-cell recordings were obtained from 94 interneurons with somata located within stratum oriens. Complete axon fills were observed in 75 interneurons that were used in the subsequent morphological and physiological analyses. The photomicrographs in Figure 1 illustrate the four major classes of interneuron that were encountered in this study. These cells were classified based on the stratum (pyramidale, lacunosum-moleculare, radiatum, or oriens) that was most heavily innervated by the primary axon ( Fig. 1 ). Twelve interneurons (16%) displayed axonal arborizations restricted, primarily, to the pyramidal cell body layer (stratum pyramidale), and were thus classified as perisomatic cells (Fig. 1 A) . These cells typically possessed two to eight large, apically oriented dendrites that projected through stratum pyramidale and terminated in stratum radiatum and/or stratum lacunosum-moleculare ( Fig. 1 A, see Fig. 3 ). In addition, these neurons usually possessed several basally oriented dendrites within stratum oriens, occasionally making contact with the alveus. Cells displaying these morphological characteristics include the basket and axo-axonic cells that have been described by others (Buhl et al., 1994b Miles et al., 1996; Cobb et al., 1997 ) (for review, see Freund and Buzsáki, 1996) .
Seventeen neurons (23%) exhibited axons that arborized extensively within stratum lacunosum-moleculare ( Fig. 1 B , see Figs. 4, 5) . This region is known to contain the apical dendrites of CA1 pyramidal neurons that receive excitatory input from afferents arising in the entorhinal cortex and thalamus (Gulyas et al., 1993a; Desmond et al., 1994; Sik et al., 1995; Yanovsky et al., 1997) . Typically, these neurons possessed a single axon that crossed stratum pyramidale, although some neurons had minor axon collaterals that terminated either in stratum radiatum and/or stratum oriens (see Fig. 4 B) . The dendrites of these cells were oriented parallel to stratum oriens and confined exclusively to this layer. These morphological characteristics are similar to those described for the stratum oriens, lacunosum-moleculare interneurons known as OLM or horizontal cells that are known to form synapses on the distal apical dendrites of CA1 pyramidal neurons (Lacaille et al., 1987; McBain et al., 1994; Sik et al., 1995; (for review, see Freund and Buzsáki, 1996) . The remainder of the interneurons demonstrated primary axonal projections to either stratum radiatum (22 of 75, 29%; Fig. 1C ) or stratum oriens (24 of 75, 32%; Fig. 1 D) . Because some of these cells provided substantial innervation of more than a single hippocampal layer, they resembled interneurons previously described as bistratified cells (see Figs. 6 A, 7) (Buhl et al., 1994a; . The dendritic structure of these cells varied considerably. In some cases, the dendrites were confined to stratum oriens, where they often coursed parallel to the alveus. However, cells were also encountered that had dendritic arborizations within stratum radiatum (Fig. 1C) . The observation that many axon arborizations were confined to a single stratum suggested that these cells selectively targeted particular areas of the pyramidal neuron membrane.
Stratum oriens interneurons: physiology and opioid pharmacology
A previously noted characteristic of stratum oriens interneurons was the presence of the hyperpolarization-activated inward current known as I h (Bergles et al., 1996; Maccaferri and McBain, 1996; Parra et al., 1998; Svoboda and Lupica, 1998) . This current was present in Ͼ90% of the cells in the present study (86 of 94 cells), and its voltage and time dependence were similar to those previously reported (Fig. 2B,C) . In a previous study, we have shown that the outward currents produced by -or ␦-opioid receptor activation in stratum oriens interneurons were caused by the inhibition of I h and the simultaneous activation of a K ϩ current (Svoboda and Lupica, 1998) . Both of these actions are consistent with the hyperpolarization and subsequent inhibition of these interneurons. In the present study, we used bath application of highly selective -or ␦-opioid agonists (1 M DAMGO or 1 M DPDPE, respectively) to determine whether these cells expressed either of these opioid receptor subtypes. An example of an outward current produced by DPDPE in a biocytin-filled interneuron is shown in Figure 2 D. This cell presumably did not express -opioid receptors because an outward current was not produced by DAMGO (Fig. 2 D) . Throughout this study outward currents of Ն3 pA were considered the minimum for classification of interneurons as -or ␦-opioidsensitive. This value was approximately threefold higher than the baseline noise in our recording apparatus.
The -opioid agonist DAMGO was applied to 44 stratum oriens interneurons, and 25 (57%) responded with outward currents. The ␦ agonist DPDPE was applied to 53 cells, with 32 (60%) demonstrating outward currents. Only 9 of 35 (26%) interneurons displayed outward currents in response to random sequential administration of both agonists (Fig. 2 D) . The observation that only a small percentage of cells responded to both agonists supports previous studies demonstrating the selectivity of these peptide agonists for their respective opioid receptor subtypes (Mosberg et al., 1983 ; Goldstein and Naidu, 1989; Lupica, Figure 1 . Morphology of stratum oriens interneurons. Photomicrographs of the four subtypes of biocytin-filled stratum oriens interneurons analyzed in this study. A, An interneuron with its axon almost exclusively innervating stratum pyramidale, in which the CA1 pyramidal cell bodies are located. B, An OLM or horizontal cell. Note the dense axon termination in stratum-lacunosum moleculare and the horizontally oriented dendrites in stratum oriens. These are the defining anatomical characteristics of this cell type. C, An interneuron with its primary axonal ramification in stratum radiatum. D, An interneuron with its primary axonal projection confined to stratum oriens. The arrowheads denote stratum pyramidale in A, C, and D. Scale bar, 100 m. a, Alveus; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; SL-M, stratum lacunosum-moleculare. 1995). Mean outward currents associated with -or ␦-opioid receptor activation observed in interneurons projecting to each of the four hippocampal strata are shown in Table 1 . These data indicate that the opioid agonists were equally effective in generating outward currents and that there was no difference in the magnitude of the currents generated in cells projecting to different hippocampal strata. The generation of outward currents by the opioid agonists in these neurons is consistent with hyperpolarization of the neuronal membrane and the inhibition of these cells.
Opioid receptor expression in interneurons innervating stratum pyramidale
The agonist DAMGO was applied to 11 of 12 cells that were classified as perisomatic based on the location of their primary axonal ramification within stratum pyramidale. Ten of these cells (91%) responded with robust outward currents (Fig. 3, Table 2 ), suggesting that the majority of these neurons expressed -opioid receptors. Of the 25 interneurons demonstrating outward currents with -opioid receptor activation, 10 (40%) were classified 
Shown are the means Ϯ SEs and the ranges of the opioid-induced outward currents, expressed in picoamperes. The number of cells contributing to each of these data sets is indicated in parentheses. There was no significant difference between the average magnitudes of outward currents generated by -or ␦-opioid receptor activation, nor among the strata innervated by the inhibitory axons. ND, Not determined. In this example, the ␦-opioid agonist DPDPE (1 M) produced an outward current, whereas the -opioid agonist DAMGO had no effect. This illustrates the selectivity of these agonists. Gaps in the record denote time points of I-V generation.
as providing perisomatic input to the pyramidal cell body layer. The ␦ opioid agonist DPDPE was applied to 9 of the 12 perisomatic cells, and only two (22%) demonstrated outward currents (Table 2) . Furthermore, in contrast to those cells expressing receptors, only 2 of the 32 (6%) interneurons responding to the ␦ agonist sent axons to stratum pyramidale. Figure 3 illustrates two perisomatic cells that responded to -and not ␦-opioid receptor activation. Statistical analysis revealed that the difference between the effects of the and ␦ agonists on the cells projecting to stratum pyramidale was significant ( 2 ϭ 27.0; p Ͻ 0.001). Two additional neurons in which axons could not be recovered possessed somatic and dendritic morphologies very similar to the perisomatic cells shown in Figure 3 . Outward currents were also generated by the , and not the ␦, agonist in each of these neurons, but they were not included in the analyzed data set.
Opioid receptor expression in interneurons innervating stratum lacunosum-moleculare
The -opioid agonist DAMGO was applied to seven cells that displayed dense primary axonal projections to stratum lacunosum- Interneurons innervating stratum pyramidale: morphology and opioid pharmacology. A, C amera lucida reconstruction of an interneuron with its axonal projection restricted almost exclusively to stratum pyramidale (same cell as Fig. 1 A) . The apical dendrites of this cell (dark er structures) extend across stratum radiatum and into stratum lacunosum-moleculare. The inset at the right illustrates time course of the DAMGO-induced outward current. This cell was presumed to express and not ␦ receptors because an outward current was only generated with DAMGO. B, Another interneuron with similar morphology to that shown in A. The inset at the lef t shows the time course of the DAMGO-generated outward current. The lateral extent of the axon in this cell was 1133 m. Note that this neuron did not respond to the ␦ agonist DPDPE. moleculare (i.e., OLM or horizontal cells). Three of these neurons (43%) responded with outward currents, suggesting the expression of -opioid receptors on these cells (Table 2) . Overall, only 3 of the 25 cells (12%) responding to DAMGO displayed these morphological characteristics. The ␦ agonist DPDPE was applied to 15 cells demonstrating OL M cell morphology. C lear outward currents were observed in 11 (73%) of these neurons. Figure 4 shows reconstructions of OL M cells that were exposed to the and/or the ␦ agonist, illustrating outward currents produced by DPDPE. Statistical analysis revealed that a significantly greater proportion of these dendritically projecting OLM cells were sensitive to the ␦-versus the -opioid agonist ( 2 ϭ 4.5; p Ͻ 0.05). Some of the of the OL M cells expressing ␦-opioid receptors possessed axons that exited the CA1 region, crossed the hippocampal fissure, and entered the dentate gyrus (Figs. 4 B, 5A ). In addition, the axon of the ␦-sensitive cell shown in Figure 5A ramified extensively in stratum lacunosum-moleculare of CA3. Because cells of this type may inhibit both CA1 and CA3 pyramidal neurons, they have been labeled "back-projection cells" (Sik et al., 1995) . It has been suggested that back-projection cells may differ from more typical OL M cells by the conspicuous absence of I h (Sik et al., 1995) , although extensive analysis has not been possible because of their limited numbers. However, the neuron shown in Figure 5 displayed prominent inward rectification upon hyperpolarization of the membrane that is indicative of I h (Fig. 5B) . Therefore, at least some presumed back projection interneurons appear to express these ion channels.
Opioid receptor expression in interneurons innervating stratum radiatum
The agonist DAMGO was applied to 12 interneurons that possessed axons that arborized, primarily in stratum radiatum. Six (50%) of these neurons responded with outward currents (Table 2) . When the data were analyzed with regard to the total number of cells expressing -opioid receptors projecting to all CA1 layers, it was found that 24% (6 of 25) of these neurons projected to stratum radiatum. Similar to receptor expression, DPDPE generated outward currents in 6 of 11 (55%) interneurons that displayed primary axon arborizations in stratum radiatum (Table 2 ). Overall, 6 of 32 (19%) of the total DPDPEsensitive cells exhibited primary axon innervation of stratum radiatum. T wo reconstructed interneurons within this class are shown in Figure 6 . Each of these neurons generated outward currents in response to DPDPE application, whereas only the interneuron shown in Figure 6 A responded to DAMGO. In addition, the cell shown in Figure 6 A displayed a robust secondary projection within stratum oriens. Statistical analysis revealed no significant difference in -or ␦-opioid receptor expression in these interneurons with primary axon projections in stratum radiatum ( 2 ϭ 0.08; p Ͼ 0.05).
Opioid receptor expression in interneurons innervating stratum oriens
Many of the neurons demonstrating heav y axonal arborization in stratum oriens also displayed significant innervation of stratum radiatum (Fig. 7) . However, these cells were classified according to the location of the densest axon projection. The agonist DAMGO was applied to 16 interneurons in which the primary axon projection was confined to stratum oriens. Only 6 (38%) of these interneurons displayed outward currents meeting the minimum criterion (Table 1 ). Overall, 6 of 25 (24%) of all DAMGOsensitive cells demonstrated primary axonal arborization within this cell layer. The ␦ agonist DPDPE was applied to 17 interneurons with primary axon projections within stratum oriens. In contrast to the -sensitive cells, the majority of these neurons (13 of 17, 76%) demonstrated robust outward currents (Table 2) . Of all of the classes of interneurons expressing ␦-opioid receptors, 13 of 32 (41%) exhibited this morphology. Statistical analysis revealed a significant difference in these stratum oriens-projecting interneurons with regard to -or ␦-opioid receptor expression ( 2 ϭ 7.5; p Ͻ 0.01). These data suggest that interneurons with somata and primary axonal projections confined to stratum oriens were more likely to express ␦-rather than -opioid receptors. Taken together, the above results supported the hypothesis that GABAergic interneurons providing inhibitory input to different areas of the pyramidal neuron membrane differentially expressor ␦-opioid receptors, as defined by the generation of outward currents. This suggests that activation of these receptor subtypes can selectively modulate inhibition impinging on these distinct membrane domains.
DISCUSSION
It has become increasingly clear that the location of synaptic input to different regions of the neuronal membrane can strongly affect the integrative functions of postsynaptic cells in the CNS (Calloway et al., 1995; Cobb et al., 1995; Gulyas et al., 1993a; Miles et al., 1996; Tsubokawa and Ross, 1996) . The differential modulation of the activity of inhibitory neurons providing input to these discrete membrane areas probably occurs via innervation by select transmitter-containing afferents and the expression of distinct sets of neurotransmitter receptors (Freund and Buzsáki, 1996) . Consistent with this idea, the present study provides data to suggest that opioid receptor subtype expression can distinguish subpopulations of hippocampal interneurons based on the locations and patterns of their axonal arborizations in relation to the pyramidal cell membrane. This implies that -or ␦-opioid receptors can reduce the inhibitory input to distinct regions of the pyramidal neuron, thereby altering the integrative behavior of these postsynaptic cells.
The segregation of inhibitory neurons based on the location of their primary axon arbor revealed that those neurons providing perisomatic input to pyramidal neurons (basket and axo-axonic cells) more frequently expressed -opioid receptors. This was based on the observation that 91% of those neurons innervating stratum pyramidale and exposed to the agonist DAMGO responded with outward currents. Conversely, these cells did not appear to abundantly express ␦-opioid receptors because outward currents were generated in only 22% of the neurons in response to ␦ agonist application. The difference in the expression of these receptors is even more striking when one considers that 40% of all of the -opioid-sensitive interneurons encountered in this study demonstrated primary axon arborizations in stratum pyramidale, whereas only 6% of the ␦-opioid-sensitive cells innervated this layer. These results suggest that pyramidal neuron output may be increased by the -opioid receptor-mediated decrease in perisomatic GABAergic inhibition.
The functional significance of the differential targeting of the postsynaptic membrane by -and ␦-opioid receptor-expressing cells is made clear by studies examining the roles these distinct forms of inhibition play in modulating the activity of pyramidal neurons. It is known that inhibitory cells synapsing on the perisomatic region of the pyramidal neuron can inhibit the generation of Na ϩ -dependent action potentials (Miles et al., 1996) and remove the inactivation of inward cation currents, thus permitting the synchronous rebound firing of pyramidal neurons . Furthermore, since, in the rodent hippocampus, perisomatic cells synapse on between 1000 and 2500 pyramidal cells, separated by as much as 1 mm (Li et al., 1992; Buhl et al., 1994a; Sik et al., 1995; Freund and Buzsáki, 1996; Miles et al., 1996; Fig. 3B this study), synchronization of activity among those pyramidal neurons likely occurs over this relatively large distance Whittington et al., 1998) . Because -opioid receptors appear to be preferentially expressed on perisomatic interneurons, it is likely that activation of these receptors will diminish the negative modulation of Na ϩ action potentials and reduce the synchronous activity entrained by these cells. Recent data demonstrating that -, but not ␦-opioid, receptor activation can disrupt synchronous long-range ␥ oscillations in the CA1 area of hippocampal slices support this assertion (Whittington et al., 1998) .
Another result that might be expected from the reduction of perisomatic GABAergic input to pyramidal neurons and the desynchronization of their firing rates is the appearance of epileptiform activity. In experiments measuring pyramidal neuron excitability using population spikes, the activation of -opioid receptors consistently produced epileptiform afterdischarges, whereas ␦-opioid receptor activation resulted in more limited increases in excitability (Wimpey et al., 1989; Lupica and Dunwiddie, 1991) . Furthermore, selective -opioid receptor agonists are known to reduce electrically evoked IPSPs recorded in CA1 pyramidal neurons, whereas ␦-opioid agonists have no effect on these responses (Lupica et al., 1992; Watson and Lanthorn, 1993; Lupica, 1995) . This suggests that IPSPs generated by electrical stimulation may be derived from interneurons providing perisomatic input expressing -, and not ␦-opioid receptors. We hypothesize that the epileptiform activity observed in pyramidal neurons after -opioid receptor activation reflects the inhibition of interneurons providing global GABAergic innervation of the somatic pyramidal cell membrane, whereas more limited increases in excitability generated by ␦ receptor activation are likely caused by a reduction in the dendritic inhibition of excitatory inputs.
In contrast to the selective innervation of the perisomatic pyramidal membrane by interneurons expressing -opioid receptors, those inhibitory cells providing input to the dendritic region of the pyramidal cell were more likely to express ␦-opioid receptors, as defined by the generation of outward currents by DPDPE. This was true of the cells innervating the proximal basal dendritic region of stratum oriens where 76% of the neurons exposed to the ␦ agonist demonstrated outward currents and only 38% were sensitive to -opioid receptor activation. Similarly, those inhibitory cells with axons targeting the distal apical dendrites of the CA1 pyramidal neurons in stratum lacunosum-moleculare (OLM or horizontal cells) were also significantly more likely to express ␦, rather than -opioid receptors (73 vs 43%, respectively). This suggests that ␦-opioid receptors, rather than modulating pyrami-4 Figure 4 . Stratum oriens interneurons innervating stratum lacunosummoleculare (OL M or horizontal cells): morphology and opioid pharmacology. A, C amera lucida reconstruction of an interneuron with its axonal projection almost exclusively in stratum lacunosum-moleculare. The dendrites of this cell course parallel with the alveus border and are restricted to stratum oriens. The inset below illustrates the effect of the ␦-opioid agonist DPDPE on holding current. In this example, DAMGO failed to generate an outward current. B, Reconstruction of another interneuron with its axon ramif ying within stratum lacunosum-moleculare. The inset below shows the time course of the ␦-opioid agonist-generated outward current. fiss, Hippocampal fissure. dal neuron output by regulating somatic inhibition, may more selectively modulate the excitatory inputs to these cells by reducing dendritic inhibition.
Interneurons possessing axons targeting the proximal basal and proximal apical pyramidal neuron dendrites in strata oriens and radiatum have been referred to as "bistratified cells" (Buhl et al., 1994a, Figs. 6 and 7, this study). The somata of these cells give rise to axons terminating in parallel with excitatory Schaffer collateral/commissural afferents on the CA1 pyramidal neuron dendrites. Therefore, bistratified cells are believed to selectively modulate these excitatory inputs. This suggests that inhibition of bistratified neuron activity by ␦-, and to a lesser degree -opioid, receptor activation, would facilitate these excitatory inputs impinging on the pyramidal neuron proximal dendrites. Further- Figure 5 . A stratum oriens "backprojection" cell innervating stratum lacunosum-moleculare of hippocampal subfields CA1 and CA3: morphology and physiology. A, A camera lucida reconstruction of the interneuron. In general, the morphology of this cell was similar to those shown in Figure 4 . Note that the axon of this cell also crossed the hippocampal fissure and ramified extensively within stratum lacunosum moleculare of CA3. The inset at the right illustrates time course of the DPDPE-induced outward current. The -opioid agonist DAMGO had no effect. B, Current and voltage records obtained in this same cell. Note the prominent inward "sag" on the current responses at the most hyperpolarized potentials that is indicative of I h . C, A photomicrograph of the interneuron reconstructed in A. The arrowhead indicates the location of stratum pyramidale, and the arrow denotes the border between CA1 and CA3. Scale bar, 100 m. fiss, Hippocampal fissure. more, because the pyramidal neuron I PSPs elicited by bistratified cell activation are significantly slower to rise and decay, when compared with perisomatic cells (Buhl et al., 1994a) , these neurons may selectively modulate the slower excitatory currents derived from NMDA receptor activation. In this way the opioidmediated inhibition of bistratified cell activity may facilitate this excitatory input and the synaptic plasticity associated with NMDA receptor activation, as demonstrated in lateral perforant path long-term potentiation (X ie and Lewis, 1991) .
In contrast to the relative paucity of knowledge of bistratified cell function, the role that the OL M interneurons play in modulating pyramidal neuron excitability is becoming increasingly clear. OL M cells are activated via excitatory inputs from pyramidal neuron recurrent collateral axons (Lacaille et al., 1987; Blasco-Ibanez and Freund, 1995; Maccaferri and McBain, 1995; , and they selectively innervate the distal apical dendrites of the pyramidal cells. Here the inhibitory OLM terminals overlap with excitatory terminals originating from cells in the entorhinal cortex and the thalamus (Gulyas et al., 1993b; Desmond et al., 1994; Sik et al., 1995; Yanovsky et al., 1997) . These neurons are considered "feedback" or recurrent inhibitory cells because they are only activated after CA1 pyramidal neuron discharge. The activation of OLM neurons via antidromic stimulation of pyramidal neurons axons can inhibit the EPSPs recorded extracellularly in stratum lacunosum-moleculare after the stimulation of the entorhinal cortex pathway (Maccaferri and McBain, 1995) . This inhibition of entorhinal input to CA1 was also found to be selective, because EPSPs generated by stimulation of stratum radiatum were not affected by OLM neuron activation. These data suggest that, when activated, the OLM cells may selectively reduce the excitatory drive from entorhinal cortex to CA1, thus facilitating the flow of information through the classic trisynaptic hippocampal circuit (Macafferri and McBain, 1995; . Conversely, the inhibition of OLM neurons by ␦-opioid receptor activation, or longterm synaptic depression (LTD, Macafferri and McBain, 1995), Figure 6 . Interneurons innervating stratum radiatum: morphology and opioid pharmacology. A, C amera lucida reconstruction of an interneuron with its axon projection in strata radiatum and oriens. After f urther analysis (counting of axonal branch points), it was determined that this cell more heavily innervated stratum radiatum. The inset at the lef t illustrates that both ␦-opioid (DPDPE) and -opioid (DAMGO) agonists generated robust outward currents in this cell. B, Camera lucida reconstruction of an interneuron that exhibited an axonal projection predominantly confined to stratum radiatum. The inset at the right illustrates the time course of the ␦ agonist-induced outward current. This cell did not respond to the agonist DAMGO.
would likely result in enhanced entorhinal EPSPs in the pyramidal neurons and the diversion of information flow through the direct entorhinal circuit. In this way, ␦-opioid receptor activation may provide a means through which CA1 pyramidal neurons can receive either entorhinal-or CA3-derived synaptic information.
Together our data suggest that the differential expression of opioid receptor subtypes on interneurons that provide segregated inhibitory inputs to the pyramidal cell membrane may constitute a means to permit the independent regulation of these projections. Thus, interneurons that were inhibited by -opioid receptor activation innervated stratum pyramidale more frequently than ␦-opioid-sensitive cells, and therefore, would be more likely to facilitate pyramidal neuron output. In contrast, interneurons inhibited by ␦-opioid receptor activation were more likely to innervate the basal and apical dendritic pyramidal neuron membrane, suggesting a role for these receptors in the regulation of afferent signaling. However, a complete understanding of the significance of these findings awaits identification of the conditions through which opioid peptides are released and processed into subtype selective agonists. Our data also more generally imply that hippocampal interneurons can be segregated not only according to morphological and neurochemical criteria, but also according to the expression of subtypes of neurotransmitter receptors. Because the hippocampal interneurons can influence the properties of large populations of principal cells, the differential activation of opioid receptor subtypes may provide a substrate on which the integrative properties of these cells can be changed to accommodate specific computational processes within this brain region. Interneurons primarily innervating stratum oriens: morphology and opioid pharmacology. A, A camera lucida reconstruction of a stratum oriens interneuron with its primary axonal projection confined to this layer (same cell as shown in Fig. 1 D) . Note that the axon does not heavily innervate stratum pyramidale, yet ramifies in both stratum radiatum and oriens. This morphological profile is similar to that described for "bistratified" neurons (Buhl et al., 1994a) . The inset at the right illustrates the time course of the DAMGO-and DPDPE-induced holding current changes. Although this interneuron was sensitive to both opioid agonists, only 6 of 16 interneurons responded to the agonist, whereas 13 of 17 responded to the ␦-opioid receptor agonist. B, Reconstruction of a stratum oriens interneuron that demonstrated an extensive primary axonal projection within stratum oriens. The inset at the right shows the time course of the DPDPE-induced outward current in this same cell.
